Specific proteins of the apolipoprotein serum amyloid (apoSAA) family that are synthesized in large quantities during the acute, early phase of inflammation can serve as the proteinaceous precursors for amyloid fibrils. To model fibrillogenesis in such inflammatory diseases, we have used electron microscopy and X-ray diffraction to examine the structures formed by synthetic peptides corresponding in sequence to the 11 amino-terminal amino acids of murine apoSAA1, apoSAAcej, and apoSAA2 and to the 15 amino-terminal amino acids of apoSAA2. This region is reported to be the major fibrillogenic determinant of apoSAA isoforms. Both in 1 mM Tris buffer and in 35% acetonitrile, 0.1% trifluoracetic acid (ACN/TFA), all of the peptides formed macromolecular assemblies consisting of twisted, D40-to 60-Å-thick ribbons, which varied in width from around 40-70 Å (for 11-mer apoSAA2 in Tris) up to 900 Å (for the other peptides). X-ray diffraction patterns recorded from lyophilized peptides, vaporhydrated samples, and solubilized/dried samples showed hydrogen bonding and intersheet reflections typical of a ␤-pleated sheet conformation. The coherent lengths measured from the breadths of the X-ray reflections indicated that with hydration the growth of the assemblies in the intersheet stacking direction was comparable to that in the hydrogenbonding direction, and analysis of oriented samples showed that the ␤-strands were oriented perpendicular to both the long axis and the face of the assemblies. These X-ray results are consistent with the ribbon-or plate-like morphology of the individual aggregates and emphasize the polymorphic nature of amyloidogenic peptides. Our findings demonstrate that X-ray diffraction measurements on vaporhydrated or solubilized/dried versus lyophilized, amyloidogenic peptides are a good indicator of their fibrillogenic potential. For example, from the highest to the lowest potential, the peptides examined here were ranked as: A␤1-28 G A␤1-40 G apoSAA1 E apoSAAcej G apoSAA2 G A␤17-42. Experiments in which the three different 11-mer apoSAA isoforms were solubilized in ACN/TFA and then combined as binary mixtures showed that the ribbon morphology was not affected but that the extent of hydrogen bonding in the assemblies was substantially reduced. Our observations on the in vitro assembly of apoSAA analogs emphasize that amyloid fibril formation and morphology depend on primary sequence, length of polypeptide chain, the presence of additional fibrillogenic polypeptides, and solvent conditions. 1998 Academic Press
INTRODUCTION
The term amyloidosis designates a diverse set of diseases that have the common characteristic of abnormal deposition of fibrillar proteins in extracellular spaces of tissues. Although the 17 proteins known to comprise amyloid deposits are varied in amino acid sequence and molecular weight they share a common characteristic ability to assume a ␤-pleated sheet conformation and to polymerize into insoluble, protease-resistant fibrillar structures (Sipe, 1992) . How these proteins become amyloidogenic and what external factors are necessary to initiate fibril deposition are major questions.
The most commonly studied animal model of amyloid pathogenesis is a clinically relevant amyloidosis in which a 76-residue fragment (designated amyloid A (AA) protein), derived from the circulating acute phase reactant protein serum amyloid A (SAA), is deposited secondary to chronic inflammation. The family of SAA proteins, for which there are six main isoforms derived from two gene loci in human (Dwu-let et al., 1988; Raynes and McAdam, 1991; Strachan et al., 1988) , are highly conserved with almost complete sequence homology of amino acids in a region consisting of residues 38 to 58 (Syversen et al., 1991) . In most mouse strains, of which the BALB/c is the prototype, the two isoforms apoSAA1 and apoSAA2 are the primary acute phase reactants (Lowell et al., 1986; Yamamoto and Migita, 1985; Yamamoto et al., 1986) . In humans, AA amyloid deposits may derive from at least five of the SAA isoforms, whereas in the mouse AA deposits are limited to the apoSAA2 isoform (Hoffman et al., 1984; Meek et al., 1986; Shiroo et al., 1987) , which for residues 1-76 is nearly identical to human amyloid A protein (Dwulet et al., 1987) .
Most strains of inbred mice are susceptible to AA amyloid deposition following chronic administration of inflammatory stimuli such as casein or azocasein. The CE/J mouse strain, which produces a single acute phase SAA isoform, apoSAAcej (Sipe et al., 1993) , which has sequence homology to both apoSAA1 and apoSAA2 , is amyloid resistant to known amyloid inducing protocols (Sipe et al., 1993) . The sequence of 10 residues at the amino-terminal sequence of apoSAAcej is identical to that of the nonamyloidogenic apoSAA1 isoform, but at the 11th position apoSAAcej differs from both apoSAA1 and apoSAA2.
In genetic studies involving the crossing of CE/J mice with amyloid-susceptible CBA/J mice and backcrossing the F1 hybrids to both parental strains, the presence of the apoSAAcej isoform correlates with resistance to the development of amyloidosis even in cases in which the amyloidogenic apoSAA2 isoform is the predominant isoform produced (Gonnerman et al., 1995) .
The amyloidogenicity of murine SAA is thought to be determined by the sequence of 10-15 amino acids at its amino terminus because synthetic peptides corresponding to the N-terminus of apoSAA2 form fibrils in vitro while peptides corresponding to apoSAA1 do not (Westermark et al., 1992) . These data fit the observations that in vivo apoSAA2 deposits as amyloid fibrils but apoSAA1 does not. Since the apoSAAcej isoform differs from both apoSAA1 and apoSAA2 at position 11 we used electron microscopy and X-ray diffraction to determine whether the N-terminal peptide of the apoSAAcej isoform can form fibrils in vitro. To characterize the development of the macromolecular assemblies, we followed the structural changes in going from the lyophilized peptide to the hydrated, solubilized, and aggregated states. To mimic the situation in mouse hybrids where both amyloidogenic and nonamyloidogenic isoforms are expressed simultaneously, we also examined the effect of apoSAAcej on fiber formation by apoSAA1 and apoSAA2. Our approach demonstrates that comparative X-ray diffraction from lyophilized and vaporhydrated or solubilized/dried peptides is a good indicator of a peptide's propensity to self-assemble in a particular polymorphic form. Moreover, our results show that in vitro AA-amyloid fibril formation and morphology depend not only on amino acid composition and solvent conditions, but also on the presence or absence of other fibrillogenic polypeptides.
MATERIALS AND METHODS
Peptides. Peptides corresponding to the N-terminal residues of murine apoSAA1 (GFFSFVHEAFQ), apoSAA2 (GFFSFIGEAFQ and GFFSFIGEAFQGAGD), and apoSAAcej (GFFSFVHEAFL) were synthesized by solid state techniques (11-mers from QCB, Inc., Hopkinton, MA; 15-mer from Biopolymer Lab, Brigham and Women's Hospital, Boston, MA). Each peptide gave a single peak by mass spectrometry. For comparison, data were also collected for the major proteinaceous constituent of diffuse A␤ amyloid deposits, which consists of residues 17-42 of A␤ (LVFFAEDVG-SNKGAIIGLMVGGVVIA) and is reported to not form fibrils (Gowing et al., 1994) . This peptide was a generous gift from Dr. Alex E. Roher (Haldeman Laboratory for Alzheimer's Disease Research, Sun Health Research Institute, Sun City, AZ).
Electron microscopy. Negative-stained samples were prepared by floating pioloform-and carbon-coated grids on drops of protein solution (0.5-2 mg/mL, diluted from the 5-to 10-mg/mL solutions used for X-ray diffraction). The grids were blotted and stained with 2% (w/v) uranyl acetate. Electron micrographs were obtained using JEOL 100EX and Phillips CM-10 electron microscopes operated at 80 keV.
X-ray diffraction. Samples were examined in three states: as lyophilized material; after vapor hydration by equilibration against 100% H 2 0; and after solubilization in 0.1 M Tris buffer at pH 7.2 or in 35% acetonitrile, 0.1% trifluoracetic acid followed by gradual drying under ambient conditions. Diffraction patterns were obtained on Kodak DEF film using double mirror focused CuK␣ radiation generated by an Elliot GX-20 rotating anode (Marconi Avionics, UK). Exposure times ranged from 1 to 2 days and the observed spacings were calculated using Bragg's law from positions of the reflections as measured directly off the film (Inouye et al., 1993) .
Densitometry and measurement of intensity. The diffraction patterns were digitized with a 50-or 100-µm raster using a VX3000 Scanner (Vexcel Corp., Inc., Boulder, CO) operated by the program VXSCAN. After translating the raw image data to the optical density scale, the computer programs SCOPE5 and GEN (distributed and installed by Dr. Tom Tibbitts; Tibbitts and Caspar, 1993) were used to display the two-dimensional intensity images and to circularly average within a defined angle the intensities of the arced reflections to reduce random noise. The intensity curve was obtained after subtraction of background, which was fit by a polynomial. The integral areas and widths of the X-ray reflections were obtained from the intensity profile.
RESULTS
Electron microscopy revealed that all of the peptides formed ordered macromolecular assemblies in Tris buffer as well as in ACN/TFA (Fig. 1) . Except for 11-mer apoSAA2 in Tris buffer which formed 40-to 70-Å-wide amyloid-like fibrils, the samples formed ϳ40-Å-thick ribbons that showed irregular or regu-lar twisting. Widths across the faces of the ribbons varied, ranging from around 100 to 900 Å, depending on the sample. The widths of the apoSAAcej ribbons appeared to be integral multiples of ϳ90 Å, suggesting lateral packing of narrower ribbons. The electron micrographs of 15-mer apoSAA2 showed flattened ribbons with pronounced, periodic twisting. The widths across these 50-to 60-Å-thick ribbons ranged from ϳ100 to ϳ200-240 Å, and their helical halfpitch was ϳ600 Å (Fig. 1B, inset) .
To investigate the extent to which the apoSAA peptides can self-assemble to form macromolecular aggregates, we used X-ray diffraction to investigate the initial, nascent structures in the lyophilized state (which is the starting material for most biophysical and cell biological experiments involving amyloidogenic peptides), the structures after hydration by equilibration against a saturated water atmosphere, and finally the structure after dissolution in ACN/TFA and subsequent drying. The structure was monitored by measurements of the coherent lengths of the hydrogen-bonding and intersheet spacings at 4.7 and ϳ10 Å, which are values characteristic of the ␤-pleated sheet conformation in general (Geddes et al., 1968) and typical for amyloids in particular (Bonar et al., 1969 ; Eanes and Glenner, 1969; Inouye et al., 1993; Inouye and Kirschner, 1998; Sunde et al., 1997) . The coherent length, or domain size, is inversely related to the breadth of the reflection and is a measure of the amount of longrange order (Alexander, 1969; Inouye et al., 1989) . Previous use of this measure indicates a clear correlation with electron microscopic findings on amyloid fibril morphology (Inouye et al., 1993) . Using this approach, we sought to determine the initial aggregation states of the lyophilized peptides and to follow the evolution of their higher order structures.
Overall, the peptides under different conditions of hydration or solubilization all showed the spacings expected for a ␤ conformation (Figs. 2-4) -i.e., an H-bond spacing at 4.6-4.8 Å and an intersheet reflection at 9-11 Å (Table I ). In general, for each peptide in the lyophilized state, the H-bond spacing was at the lower end and the intersheet spacing was at the higher end of these ranges. The most striking difference observed relative to each peptide's hydration state was the integral widths of the reflections, which indicated differences in their coherent lengths in the H-bonding and intersheet directions ( Fig. 2 ; Table I ). The ratio of the coherent lengths for these two spacings (i.e., H bonding/intersheet) is indicative of the relative propensity of the peptide to assemble in the H-bonding versus the intersheet direction (Inouye et al., 1993) . Thus, a ratio greater than 1 would indicate a stronger propensity for self-assembly in the H-bonding direction and would result in fibrils, whereas a ratio less than one would indicate a greater propensity for intersheet stacking and result in plates or ribbons.
For the lyophilized peptides, the sizes of the H-bonding and intersheet domains for the 11-mer apoSAA peptides were in the range previously determined for the A␤ peptides A␤1-28 and A␤1-40 (Inouye et al., 1993) and measured here for A␤17-42 ( Fig. 3 ; Table I ). Based on the H-bond and intersheet spacings, the domain sizes indicated stacking of 10-20 H-bonded ␤-strands and 5 or 6 pleated sheets. The domains for the 15-mer apoSAA2 peptide assembly were nearly threefold larger than for the corresponding 11-mer, possibly owing to its greater inherent hydrophobicity and lower propensity to become disrupted upon lyophilization. For the lyophilized 11-mer apoSAA isoforms, the ratio of the H-bonding to intersheet domain sizes was 1.1-1.3, indicating a slight favoring of H-bonding interactions over intersheet interactions, while for the 15-mer apoSAA2 the ratio was 0.9, indicating that intersheet stacking may be slightly more favored. By contrast, the ratios After equilibration at 100% relative humidity. (C) After solubilization in aqueous 35% acetonitrile, 0.065% trifluoracetic acid and dried in the X-ray capillary under ambient conditions. There are two major reflections, at ϳ10 Å (arrowhead) and ϳ4.7 Å (arrow), corresponding to the intersheet and hydrogen-bond spacings, respectively. Note that in going from (A) to (C), there is a gradual sharpening of both reflections, indicating that the extent of intersheet stacking and hydrogen bonding are both increasing. The considerable intersheet stacking shown in (C) and the one-dimensional lattice of 55-Å period (see Fig. 4 ) suggests that the ␤-strands are extended across the thickness of the ribbons that are seen by electron microscopy. See text for details and Table  I for quantitation of these patterns. Table I ) and the other apoSAA peptides, there is not as appreciable a change in the widths of the intersheet (arrowhead) and H-bonding (arrow) reflections. See Table I for quantitation of these patterns.
FIG. 4.
X-ray diffraction patterns of SAA peptide assemblies showing one-dimensional lattice at small angles (angled white dashes). (A) ApoSAA2 15-mer. Sample conditions are the same as those for Fig. 2C , but the pellet is oriented edge-on to the incident X-ray beam. (B) ApoSAAcej. Highly oriented sample that was dried while in an external, 2-T magnetic field. In (A) the small-angle equatorial period is 55 Å, while in (B) it is 41 Å. This difference correlates with the difference in the number of amino acids in the peptides (15 vs 11) and indicates that the thickness of the macromolecular ribbon is determined by the length of the extended ␤-strand traversing it. (Note that in (B) the rotation axis, which is along the polypeptide chain direction, is along the equator, in keeping with our previously published X-ray patterns from amyloid peptides in which the H-bonding reflection at ϳ4.7 Å is along the mreidian (Inouye et al., 1993) .) Note. The integral widths of the reflections were measured to evaluate the coherent lengths (Domain) in the H-bonding and intersheet directions. State indicates whether the peptide was lyophilized (L), vapor hydrated (VH), or solubilized and dried (S, D). The ratio of domain sizes was calculated from dimensions of the H-bonding domain divided by the intersheet domain. The coherent lengths were calculated from the equation (Inouye et al., 1993 ) ␦ obs 2 ϭ b 2 ϩ (1/Nd) 2 , where ␦ obs is the integral width of the observed reflection, b is the integral width of the direct beam, and Nd is the coherent length, with N the number of lattice points and d the spacing.
for the lyophilized A␤ peptides cited above were 1.3-1.6, indicating somewhat more of a propensity for H bonding compared to the apoSAA isoforms.
Hydration of the lyophilized peptides via the vapor phase generally resulted in an increase in the coherent lengths, or sizes of the domains, in both the H-bonding and intersheet directions. Except for 11-mer apoSAA2, which showed no change in the extent of H bonding, the domain sizes indicated stacking of 30-60 H-bonded ␤-strands and 10-20 pleated sheets. The extensive H bonding was similar to that seen for the A␤ peptides; however, the increased intersheet stacking for the apoSAA isoforms contrasted with the nearly constant or reduced values for A␤1-40 and A␤1-28. Like the apoSAA isoforms, the nonfibrillogenic A␤17-42 also showed some enhanced intersheet stacking with hydration. The ratio of the H bonding to intersheet domain sizes increased most for apoSAAcej, but decreased for 11-mer apoSAA2.
After solubilization of the peptides in ACN/TFA and subsequent dehydration, all of the apoSAA peptides showed further, substantial increases in both intersheet stacking and the extent of H bonding (Table I) . The ratio of H bonding to intersheet domains increased for the 11-mer SAA1, SAA2, and SAAcej isoforms, but remained around unity for 15-mer SAA2.
When apoSAAcej was solubilized as before and left to dry gradually while in an external 2-T magnetic field, the assemblies became aligned. The X-ray pattern (Fig. 4B) , which showed sharp meridional reflections and a one-dimensional lattice on the equator, was typical for plate-like assemblies in which the rotation axis, rather than being along the fibril direction as for amyloid fibrils, is along the polypeptide chain direction (Inouye et al., 1993) . The prominent series of small-angle, equally spaced reflections along the equator comes from the stacking of the plates. The five visible reflections indexed to a period of 41 Å. The other 11-mer peptides did not become oriented, but did occasionally exhibit smallangle reflections around 40 Å. The unoriented 15-mer apoSAA2 also showed small-angle reflections (Fig. 4A) , and these indexed onto a 55-Å period lattice.
To determine the effect of the simultaneous presence of different apoSAA isoforms on peptide assembly, which might mimic in vivo conditions in certain mouse hybrids, we observed the morphology and coherent lengths of assemblies that formed in binary mixtures of the 11-mer peptides that had been solubilized in ACN/TFA. Negative staining (Fig. 5) showed extensive formation of ribbons for all three combinations of peptides, and there were no obvious and gross differences from the individual assemblies (Figs. 1D-1F ). X-ray patterns showed a diminished ratio of the domain sizes for H bonding to intersheet stacking, due mostly to reduced hydrogen-bonding interactions (Table I) .
DISCUSSION
In normal homeostasis, acute phase apoSAA is routinely degraded extracellularly either by secreted or membrane-associated enzymatic activity. Catabolism appears to be from the amino terminus rather than the carboxy terminus, and the peptides evidently lack the capacity to form fibrils (ElliottBryant et al., 1998) . In AA amyloidosis a secondary proteolytic pathway is apparently involved, as apoSAA is cleaved at the carboxy terminus and impaired intracellular catabolism of the amyloidogenic isoform apoSAA2 results in 8.5-kDa N-terminal AA peptide aggregates that are deposited in invaginations perpendicular to the plasma membrane (Ranlov and Wanstrup, 1968; Takahashi et al., 1989) . By attaching to preformed AA fibrils that spill into the extracellular space, cofactors such as SAP and/or highly sulfated proteoglycans (Snow and Castillo, 1997 ) may prevent further proteolysis and contribute to the remarkable stability that characterizes amyloid fibril deposition in parenchymal tissues. In addition, mutant isoforms of apoSAA may interfere physically with amyloid fibril formation from apoSAA2 and thus protect against amyloidogenesis.
Synthetic peptides corresponding to the N-terminal amino acid residues 1-12 of human apoSAA1 and residues 1-11 of murine protein apoSAA2 form typical amyloid fibrils when incubated in 1.75 M acetic acid, whereas the corresponding N-terminal segment of mouse apoSAA1 does not (Westermark et al., 1992) . In addition, cyanogen bromide fragments of human protein apoSAA1 (residues 13-23, 24-34, and 35-45) do not form amyloid fibrils in vitro (Westermark et al., 1992) . From these results it was postulated that the amyloidogenic potential of the mouse apoSAA isoforms depends on the sequence of their 10-15 amino-terminal residues, which differ among the isoforms. By comparison, the lack of amino-terminal variation among human apoSAA isoforms accounts for their uniform amyloidogenicities. For recombinant molecules expressed in Escherichia coli, however, differences among the human isoforms apoSAA1, apoSAA2␤, and apoSAA4 are observed (Yamada et al., 1994) . Congo red staining and electron microscopy show that the r-apoSAA1 forms amyloid-like fibrils but r-apoSAA2␤ and r-apoSAA4 do not. The assemblies formed by these two isoforms are curvilinear or flattened structures rather than the classic, narrow amyloid fibrils. These findings suggest that human apoSAA1 may have a greater potential for forming amyloid fibrils in vivo than either apoSAA2␤ or apoSAA4.
In the present study, we investigated the fibrillogenic potential of the amino-terminal sequences of mouse apoSAA isoforms and also determined whether the lyophilized peptides had initial secondary structure. In in vitro fibrillogenesis experiments, the structural state of the lyophilized material has not been considered until now, the assumption being that solubilization of the lyophilized peptide yields nascent peptide monomers that can self-assemble de novo. Our findings question the validity of this assumption.
The X-ray patterns from the mouse apoSAA isoforms (11-mer SAA1, SAA2, and SAAcej and 15-mer SAA2) and from the A␤ peptides used here for comparison (A␤1-28, A␤1-40, and A␤17-42) demonstrate that lyophilized material can be highly structured, initially containing folded polypeptide with varying amounts of hydrogen bonding and stacking between preexisting ␤-sheets. X-ray patterns recorded from the lyophilized peptide also can reveal the presence of residual salts, which show up as sharp, wide-angle reflections (Fraser et al., 1991) . The intrinsic structure of peptide assemblies within the lyophilized powder likely depends on the conditions under which the peptide is synthesized and lyophilized (May et al., 1992; Shen et al., 1994; Simmons et al., 1994) .
When the lyophilized SAA peptides, which all showed ␤ conformation, were equilibrated against 100% water vapor or solubilized and dried, the peptides became readily distinguishable from one another with respect to the extents of their H bonding and intersheet stacking. If we designate ''fibrillogenic potential'' as the ratio of the sizes of the H-bonding domain to the intersheet domain, then A␤1-28 showed the greatest potential to form extended fibrils: A␤1-28 Ͼ A␤1-40 Ͼ apoSAA1 Ϸ apoSAAcej Ͼ apoSAA2 Ͼ A␤17-42. These findings thus show that apoSAA2 and A␤17-42 are the most resistant to assembling into fibrils, due to their propensity to intersheet interactions rather than H-bonding interactions. The small dimensions and lack of higher order assembly of the ''␤-crystallite'' formed by A␤17-42 is consistent with previous observations on negative-stained samples that this material is amorphous rather than fibrillar (Gowing et al., 1994) ; however, the cited study implies that ''amorphous'' is synonymous with ''lack of secondary structure.'' Our current study shows that appreciable secondary structure can, in fact, be present in ''amorphous'' material.
For apoSAA2, axial growth was only modestly favored over intersheet stacking, which is surprising in view of the robust fibrillar morphology based on in situ deposits. This suggests that the fibrillar morphology seen in tissue may depend on additional factors, such as heparan sulfate proteoglycan (Kisilevsky and Snow, 1988) . Overall, our findings on the apoSAA and A␤ sets of peptides demonstrate that the aggregation state of a peptide when lyophilized and when subsequently vapor hydrated or solubilized and dried may signal its capacity for forming different polymorphic assemblies, from plates and ribbons to fibrils. X-ray diffraction measurements on peptides under such conditions might thus be useful as a predictor for different morphologies of the assemblies and for different mechanisms of amyloidogenesis-i.e., selfassembly of peptides versus nucleation, coprecipitation, or induction by an exogenous factor(s).
For the mouse AA peptides examined here, the apoSAA2 peptide solubilized in Tris buffer formed the most typical amyloid-like fibrils, which is consistent with previous findings (Westermark et al., 1992) . By contrast with the earlier report which used peptides solubilized in acetic acid, however, we found that the apoSAA1 11-mer also formed fibrillar-like assemblies, both in Tris buffer and in ACN/TFA. In addition, whereas the CE/J mouse is resistant to amyloid-inducing regimens, apoSAAcej 11-mer peptide also formed fibrillar-like assemblies in vitro in both solvents. The twisted ribbons formed by apoSAA1 and apoSAAcej peptides resembled those formed by apoSAA2 under less physiological conditions, i.e., in buffered ACN/TFA. These observations emphasize that amyloid fibril formation and morphology depend on both primary sequence and solvent conditions. In vivo, additional factors would be expected to modulate the effects of amino acid sequence and solute/solvent.
As described above, X-ray diffraction patterns from each of the synthetic apoSAA peptides, whether lyophilized, vapor hydrated, or solubilized and dried, confirmed spacings that are typical of the ␤-pleated sheet conformation-i.e., 4.7 and ϳ9-11 Å. Except for apoSAA2 11-mer in Tris buffer, which formed the more classically appearing narrow amyloid fibrils, the apoSAA isoforms assembled as ribbon-like aggregates in which the length of the polypeptide chain defines the ϳ40-to 60-Å thickness of the ribbon and the intersheet stacking defines the width of the ribbon face. That is, the ribbons are thinnest in the polypeptide chain direction. Because the rise per amino acid residue in a ␤-strand is 3.3-3.5 Å, then this packing of the chains explains the ϳ14-Å difference in period of the small-angle scatter between the 11-mer apoSAAcej (41 Å) and the 15-mer apoSAA2 (55 Å) assemblies when they become face-to-face close-packed in solubilized samples that are dried.
In the H-bonding direction the domain size calculated from the X-ray diffraction measurements is substantially less than the indeterminate lengths of the ribbons observed by electron microscopy. This difference indicates that the sheets of stacked ␤-strands are highly mosaic, i.e., they are not strictly parallel to one another along the ribbon axis (Alexander, 1969) . For the intersheet stacking, which extends across the face of the ribbon, the broad range of domain sizes is consistent with the broad range of ribbon widths, but the dimensions from the X-ray measurements do not clearly indicate an underlying ϳ90-Å-wide structural unit which was suggested by the electron micrographs. The thickness of the ribbons is in close agreement with the periods of the small-angle reflections (see above).
Biophysical studies on several amyloidogenic proteins, particularly A␤, transthyretin, and human lysozyme, have provided insights into conformational changes required for amyloid formation (Kelly, 1996) . Using circular dichroism and electron microscopy to measure amyloid plaque formation in primary cultures from rat hippocampus, Pike et al. (1995) showed that the more readily a peptide adopts a ␤-sheet structure in vitro, the more rapidly it tends to aggregate into fibrils. This conclusion must be tempered by our finding, described above, that material which appears to be amorphous by electron microscopy can harbor considerable ␤-sheet secondary structure. Two naturally occurring human lysozyme variants are amyloidogenic. Both molecules are unstable and aggregate to form amyloid fibrils with transformation of the mainly ␣-helical native fold in crystal structures to the amyloid fibril cross-␤ fold (Pepys et al., 1993; Booth et al., 1997) . In reviewing this work, Perutz (1997) suggested that fibril-forming regions of amyloid precursor proteins, in general, behave as a class of ''chameleons'' and that similar properties may apply to mutants of PrP, Ig light chains, and transthyretin.
Data to support the notion that a similar molecular configuration may be reflected in behavioral differences between amyloidogenic apoSAA2 and nonamyloidogenic apoSAAcej has been derived from our experiments in which different apoSAA isoforms were solubilized in ACN/TFA and then mixed and dehydrated for X-ray analysis. Our results indicate that apoSAAcej restricts H bonding and may promote intersheet stacking of assemblies that contain apoSAA1 and apoSAA2, thus protecting against the assembly of the narrow amyloid fibrils that are typically deposited in the tissues of amyloidotic animals.
Previous X-ray fiber diffraction from A␤ peptides have shown small-angle meridional reflections indicating a long-range repeating unit along the H-bonding direction (Fraser et al., 1991 (Fraser et al., , 1992a that is consistent with helical twisting (Inouye et al., 1993) . This notion has been expanded upon recently by the proposal that irrespective of the nature of their precursor protein, amyloid fibrils share a common substructure of protofilaments that consist of helically arrayed ␤-pleated sheets that are parallel to the fiber long axis . (The protofilaments, in turn, are constituted of ␤-crystallites, as indicated by the wide-angle X-ray patterns (Inouye et al., 1993) ). In addition to the classic narrow fibers which have limited intersheet stacking (Inouye et al., 1993) , amyloidogenic peptides derived from or related to precursor proteins also form other macromolecular assemblies, including polymeric sheets, ribbons, plates, and rods. That diverse amyloids share a similar core structure of ␤-pleated sheets in which the polypeptide chains are oriented perpendicular to or nearly perpendicular to the long axis of the fiber (Inouye and Kirschner, 1996) is not in dispute; rather, it is clear that the ␤-strands in the nonfibrillogenic amyloids do not form extended helical arrays. In polymeric sheets such as the hydrated scrapie-related peptide SHa90-145, there is extensive H bonding and no apparent intersheet stacking , an arrangement which may be similar in structure to the 24-residue peptide derived from the IsK protein (Aggeli et al., 1997) . Rod-or plate-like aggregates and short, twisted ribbons of purified scrapie prions are apparent in electron micrographs from such preparations (Prusiner et al., 1983) . In the plate-like assemblies (including ribbons and rods), there is both extensive H bonding and extensive intersheet stacking (Inouye et al., 1993; Fraser et al., 1993; Nguyen et al., 1995; Inouye and Kirschner, 1997) , and it is the greater propensity for intersheet interactions that appar- The intersheet stacking direction is indicated by the heavy, double-headed arrows; the hydrogen-bonding direction is indicated by the thin, double-headed arrows, and the polypeptide chain direction is indicated by the single-headed arrows. In (B) the projections of the anti-parallel ␤-strands are indicated by alternating dots and ϩ symbols on the upper right face of the ribbon, and the approximate intersheet and H-bonding spacings (10 and 4.7 Å, respectively) are shown by the mesh lines. The vertical mesh lines on the edges of the plate and ribbon indicate the ϳ3.3-Å rise per residue along the ␤-strands. (The models shown in A and B were generated using Mathematica, in collaboration with Dr. Richard Jenson, Department of Mathematics, Boston College.) Relative to one another, the assemblies are drawn nearly to scale. The ribbons are ϳ50 Å thick and ϳ150 Å wide, and the helical half-pitch is ϳ650 Å. The multimeric fibrils, which are ϳ90 Å in diameter, show pentameric assemblies of protofilaments that consist of ␤-crystallites (Inouye et al., 1993; Malinchik et al., 1998) according to X-ray diffraction analysis and electron microscopic observations on A␤ peptides. Each protofilament depicts the proposed hydrophobic core of the ␤-sheet (Inouye and Kirschner, 1996) but, for simplicity, does not include any sequences that are N-and C-terminal to this domain. In the in vivo deposits, some of the rest of the protein could fold as part of the ␤-sheet structure and generate either protofilaments that assemble into multimeric fibrils or project from the faces of the ribbon-like assemblies. The protofilaments are shown as slabs, though inherent twisting of their constituent ␤-strands likely leads to twisting of the sheets (Lotz et al., 1982; Chothia and Murzin, 1993) and to a long-range helical twisting of the fibril (Inouye et al., 1993; Sunde et al., 1997) , as indicated by small-angle meridional scatter (Fraser et al., 1991 (Fraser et al., , 1992a .
ently precludes the formation of protofilaments and amyloid fibers. Thus, the structure of amyloidogenic peptides is polymorphic, ranging from a variety of plate-like structures to single fibrils to multimeric fibrils containing two or more protofilaments (Fig. 6) . The apoSAA isoforms that are involved in inflammatory amyloid disease, like A␤17-42, which forms diffuse amyloid in Alzheimer's disease, exemplify amyloidogenic peptides that display stronger intersheet than hydrogen-bonding interactions and so assemble as extensive ribbons.
